Additional index words. Olea europaea, potassium status, water content, water stress, wateruse effi ciency Abstract. The effects of potassium (K) status and water availability in the growth medium on growth, water content, water-use effi ciency and stomatal conductance was studied in mist-rooted 'Chemlali de Sfax' olive (Olea europaea L.) cuttings grown in a perlite substrate. Potassium starvation produced dehydration of all parts of the plant, reduced shoot growth and water-use effi ciency. By contrast, K starvation enhanced stomatal conductance in well-irrigated plants and, even more, in water-stressed plants. These results suggest that moderate K defi ciency in olives may impair the plant's ability to regulate stomatal closure; this may account for the dehydration observed in K-starved plants, particularly in situations of water stress. This result is of great importance for agricultural practices of this crop, because K status, which may not be considered defi cient, can cause disorders in olive trees.
The olive (Olea europaea) is grown in areas with a Mediterranean climate. Worldwide, the crop occupies a total surface area of 10 × 10 6 ha, of which only 10% is irrigated. The olivetree is able to withstand long periods of hot, dry weather, due to various morphological and physiological mechanisms, which enable it both to avoid excessive water loss through the leaves and to absorb water from soils with low water potential.
The olive leaf displays xerophytic characteristics, with a thick cuticle on both limb surfaces and underside stomata protected by peltate hairs (Bacelar et al., 2004; Rapoport, 2001) . In drought conditions, the olive is able effi ciently to regulate ostiole closure (Fernán-dez et al., 1997; Giorio et al., 1999; Moriana et al., 2002) . Given these features, and the plant's ability to take up water from soils with low water content, even below wilting point (Orgaz and Fereres, 2001; Xiloyannis et al., 1999) , it is clear that in water-stress situations the olive displays greater water-use effi ciency than other species (Fereres, 1984) . Even so, in unirrigated olive plantations and in drought conditions, symptoms of dehydration are often observed, including marginal and apical necrosis of the limb, leaf drop and fruit abscission; these symptoms have been associated with low leaf potassium (K) content (Fernández-Escobar et al., 1994; Parra et al., 2003) .
It is widely assumed, though not suffi ciently proved, that K favors cell hydration, and that defi ciency of this ion causes tissue dehydration (Mengel and Kirkby, 1987) . K is the major osmotic solute in plants (Wyn Jones et al., 1979) . Its accumulation in the cell creates the water potential needed for water uptake and for generating the cell turgor required for growth (De la Guardia and Benlloch, 1980; Mengel and Arneke, 1982) , as well as prompting stomatal opening (Fischer, 1968) . At the wholeplant level, K is also involved in the osmotic uptake of water by the root (Läuchli, 1984) , and in regulating root hydraulic conductivity (Quintero et al., 1998) .
Despite its evident interest, relatively little research has addressed the relationship between potassium nutrition and plant water status. K fertilization is reported to attenuate the negative effects of water stress in faba bean (Abdel-Wahab and Abd-Alla, 1995) , sugar cane (Sudama et al., 1998) , rice , and sunfl ower (Lindhauer, 1985) plants. This positive effect of K fertilization, however, is not uniformly reported for all crops, and little is known about the role of potassium nutrient levels in regulating plant water status. Although K defi ciency is generally associated with decreased transpiration rates, most studies attributing stomatal closure to K defi ciency have tended to focus on plants at a very advanced stage of nutritional defi ciency (Hsiao and Läuchli, 1986) .
The main nutritional problem that exists in the areas where olive trees are traditionally cultivated is potassium defi ciency (Fernández-Escobar et al., 1994; Parra et al., 2003) . K defi ciency (K leaf concentration below 0.4 % of dry weight), in unirrigated olive plantations, often causes very important symptoms of dehydratation, like leaf drop and fruit abscission (Fernández-Escobar et al., 1994; Parra et al., 2003) . These symptoms are easily reproduced under controlled conditions. The objective of our work was to study the cause of that dehydratation. For this reason, the research was carried out in a moderate defi ciency status not showing severe symptoms of K defi ciency. This latent defi cient status is called in the manuscript moderate K defi ciency or K starvation. Severe K-defi cient plants could not be used because there is no point in analyzing the water fl ow in necrotic and senescent leaves. Possibly, this is the cause of the contradictory results of the effect of the potassium nutritional status on the stomatal conductance. The cultivar studied, 'Chemlali de Sfax', is usually grown in unirrigated conditions, in low-rainfall areas of southern Tunisia.
Materials and Methods
Plant material and growth conditions. Mist-rooted 'Chemlali de Sfax' olive cuttings were transferred to 1.5-L plastic pots containing perlite and placed in a greenhouse at 30/15 °C (day/night) with a 14 h photoperiod. Before treatments, plants were watered three times a week with 150 mL of a K-free standard nutrient solution supplemented with 0.01 mM KCl. The composition of the standard nutrient solution was as follows: 2.5 mM Ca(NO 3 ) 2 , 1.0 mM MgSO 4 , 0.25 mM Ca(H 2 PO 4 ) 2 , 12.5 µM H 3 BO 3 , 1.0 µM MnSO 4 , 1.0 µM ZnSO 4 , 0.25 µM CuSO 4 , 0.2 µM (NH 4 ) 6 Mo 7 O 24 , and 10 µM Fe-ethylenediamine-di-o-hydroxy-phenylacetic acid. In all cases, Ca(OH) 2 was used to adjust the pH of the nutrient solution to 5.5. After 100 d of acclimation, shoots were pruned to a single shoot per plant and four treatments were established.
Treatments and experimental design. Two factors were studied simultaneously, each at two levels: availability of water and of K in the culture medium, giving a total of four treatments. Other environmental factors-light, temperature and atmospheric humidity-were maintained at optimum levels throughout growth. The two water regimes were irrigation to fi eld capacity (irrigated) and irrigation defi cit (drought); for each regime, two KCl concentrations were used in the nutrient solution: 2.5 (normal K) and 0.05 mM (low K).
Water-availability levels were determined as follows: at the start of treatment, all plant pots were watered to fi eld capacity, sealed above and below with impermeable material to prevent water loss by evaporation, and weighed. Thereafter, pots were weighed individually on a weekly basis, and each pot was provided with the volume of nutrient solution required by the treatment under study: for the two irrigated treatments, pots were watered until initial weights were reached; for the two drought treatments, pots were watered only when levels fell below 50% of fi eld capacity, and only suffi ciently to return water content to the 50% level. The volume of water retained by the perlite at fi eld capacity had previously been established by weight difference.
A random-block factorial experimental design was used, with 10 replications for treatment. Analysis of variance and means separation were performed using the Statistix version 1.0 software package.
Data collection. Plants were allowed to grow for 93 d from the start of treatments, after which growth data were collected: shoot length, leaf area, and root dry weight. Above-ground growth data were taken from the post-treatment growth area of the shoot. Root data refer to total growth. Leaf area was calculated by measuring all the leaves on the shoot using an area meter (AM200; ADC BioScientifi c Limited) and root dry weight was measured after oven drying at 80 °C for 3 d.
Water-use effi ciency was determined at the end of the experiment, as a function of newshoot dry weight and water consumed since the start of treatment.
Stomatal conductance was measured throughout the day in three plants per treatment and three leaves per plant, using a porometer (LI-1600; LI-COR, Lincoln, Neb.). Measurements were made on 22 Aug., at 1-h intervals from 2:00 AM to 8:00 PM, in fully developed leaves in the central area of the shoot.
Potassium was determined by atomic absorption spectrophotometry (Analyst 300; Perkin Elmer) after extraction from roots, shoots or leaves by ashing at 550 °C; ashes were dissolved with 1 N HCl. Before ashing, roots were individually washed for 5 min in 150 mL of a cold 5 mM CaSO 4 solution (5 °C) to allow exchange of cell wall contents.
Results and Discussion
After 93 d of growth, the four treatment groups differed in terms of K content in leaf, shoot and root, interaction between water availability and K availability in the growth medium was signifi cant for all plant organs studied. Although no symptoms of K defi ciency were apparent in leaves from any of the treatment. Leaf K content was in all cases greater than 0.4% of dry weight (Table 1) .
In the three plant parts studied (leaf, shoot, and root), the highest K levels were recorded in plants watered to fi eld capacity with a nutrient solution containing 2.5 mM KCl (irrigated-normal K). The lowest K concentrations were found in plants watered to fi eld capacity with the solution containing a smaller amount of K (irrigated-low K). Differences between these two treatments were more marked in shoots and roots than in leaves (Table 1) . In all plant organs studied, variations in water availability had less effect on K content when the K concentration in the nutrient solution was low (0.05 mM). The effect of K in the growth medium on K accumulation in plant organs was less marked in drought plants (Table. 1) .
Availability of water and of K in the growth medium also affected plant growth, although there was a difference in effect between the aerial portion of the plant and the roots. In drought plants, shoot and leaf growth was inhibited, and K starvation (low K) had no additional effect; by contrast, in well-watered plants, K starvation signifi cantly inhibited leaf and shoot growth. Conversely, both K starvation and drought conditions favored root growth (Table 2) .
Water content in leaves, shoots, and roots increased as availability of both water and K in the growth medium increased (Table 3) . Within each watering regime, the best-hydrated plants were those displaying higher K content (Tables  1 and 3) ; as expected, well-watered plants were better hydrated than those undergoing drought. Therefore, availability of both water and K in the growth medium, favored plant hydration. However, water-use effi ciency, as expressed by shoot growth, varied in response to changes in these two factors (Fig. 1): well-watered plants displayed lower water-use effi ciency than water-defi cit plants, while plants receiving a higher concentration of K used water more effi ciently than K-starved plants in both watering regimes (Fig. 1) .
To account for the effect of K status on water-use effi ciency, stomatal conductance was measured throughout the day. For all treatments, stomatal conductance was very low at night, but started to rise three hours before dawn; this trend was more marked in the irrigated treatments than in the drought treatments (Fig. 2) . After sunrise, there was a more pronounced increase in conductance, which attained maximum values at noon in well-watered plants and roughly two hours earlier in plants undergoing water defi cit. In all treatments, stomatal conductance gradually declined through the afternoon and evening, reaching minimum values at night. Throughout the day, conductance was greater in well-watered than in water-defi cit plants and, within each of these watering regimes, overall stomatal conductance throughout the day was greater in K-starved plants (low K) than in well-nourished plants (normal K) (Fig.  2) . The effect of K starvation on conductance was apparent throughout the day in plants undergoing water defi cit, whereas it was observed mainly in the afternoon/evening in well-watered plants.
As far as we know, it is the fi rst time that it has been described that a moderate potassium defi ciency in olives induces an important lose of water, being this phenomenon related to a bigger stomatal conductance.
The results of the present study, using 'Chemlali de Sfax' (which is well adapted to low-rainfall areas in southern Tunisia), suggest that K plays a major role in regulating water status in olive. Plants receiving adequate K nutrition displayed greater water-use efficiency, greater leaf water content and lower transpiration rates than K-starved plants. This positive effect of K on plant water status in the olive is enhanced by availability of water in the growth medium.
Of all the mechanisms involved in water fl ow through the plant, stomatal opening and closure is the most widely studied (Assmann and Shimazaki, 1999) . A number of studies have shown that, in the olive, this is the most Fig. 1 . Effect of water availability in the growth medium (irrigation vs. drought) and K concentration in irrigation water (normal K vs. low K) on water-use effi ciency (WUE). Values are the mean of 10 replicates. Different letters indicate signifi cant differences between levels for the same factor, at p <0.05 (lower case letters) and p < 0.01 (upper case letters). Fig. 2 . Effect of water availability in the growth medium (irrigation vs. drought) and K concentration in irrigation water (normal K vs. low K) on stomatal conductance throughout the day on 22 Aug. For all treatments, values are means of nine replications ± standard error.
effective mechanism for avoiding water loss in water stress situations (Deidda et al., 1990; Fernández et al., 1997; Giménez et al., 1997; Giorio et al., 1999; Gucci et al., 2002; Moriana et al., 2002) . Although the involvement of K in this mechanism has been documented for many years (Fischer, 1968; Fujimo, 1967) , less is known about the stomatal behavior in cases of K defi ciency. Results in this area are somewhat contradictory: while some authors report that K defi ciency may favor stomatal opening and thus increasing transpiration (Bednarz et al., 1998; Brag, 1972; Lindhauer, 1985; Sudama et al., 1998) , others have found that K defi ciency actually favors stomatal closure (Dhakal and Erdei, 1986; Smith and Stewart, 1990; Tomemori et al., 2002) . According to
other research, potassium status has no effect at all on the stomatal mechanism (Ashraf et al., 2001; Basile et al., 2003; Longstreth and Nobel, 1980; People and Koch, 1979) . A number of hypotheses have been put forward to account for these contradictory results. Hsiao and Läuchli (1986) argue that most studies attributing stomatal closure to K defi ciency have tended to focus on plants at a very advanced stage of nutritional defi cit; Bednarz et al. (1998) report that moderate K defi ciency directly affects stomatal conductance, whereas more severe defi ciency may affect other metabolic processes and, in doing so, modify the initial stomatal response to defi ciency. Moreover, possible differences in response to K defi ciency between species cannot be ruled out.
A direct relationship has been reported between stomatal conductance and water status in the olive (Moriana et al., 2002) . This effect was not observed here for K nutrition: K-starved plants displayed both lower water content and greater stomatal conductance, as well as greater daily stomatal opening rates, than plants with an adequate K supply. This effect was infl uenced by the availability of water in the growth medium; in drought conditions, stomatal conductance was greater throughout the day in K-starved plants, whereas in wellwatered plants this effect was apparent only in the evening. These results suggest that K starvation in olive trees may impair the plant's ability to regulate stomatal closure; this may account for the dehydration observed in Kstarved plants, particularly in situations of water stress.
A recent study reports that, in sunfl ower, ABA only inhibits water fl ux in plants receiving an adequate K supply, whereas it has no effect in K-starved plants (Fournier et al., 2005) . The same may be true in the olive, giving rise to the dehydration of K + -starved plants, particularly in water stress conditions.
